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WD, ZOXITRMIRNE DEFGRE R Ko o R CAEMEMERF LitiT 2 2 & BIRR
WD, FRMREREZMOIBERNIZICHD. Z0LH) R 2B E 2 ET,
KESLTI, BHDOAT ha=7 ZAHHZEE LT On Chip L THRMEkK~=t"= 1 —
Ta rETV, ANA T A T RGBT LW AL A b 72 6372 60 O AT O 5
EATHOZEHERNE LTS,

ZOHRMICK U TR TITRIC UL T ORI T 2B X 2 BT 5. v 7 1if
&2 O T2 AR MERBRED R DI ZERIBII ED L D KRBT D2 M TE DDA 9 h,
T AT LTHRMER 1 @S OKE~y RCEREIT2ZENTELDEA9 M, EbHIC
RIMEKITED S VDR A — L Tk SERIT 5 Z N TELHDEAI . i
D OB RIZOWNT, 8FIZHT TR L E L DTS, FEOFHELELTLH &
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1.1 EHE

MRS DT 55%IXIMAET 45%IXIMERCTH 5. JRifER, FiMER, M/ E o7z
Bk 5 6 95%iT < ITARMERD DT D, ARifLERIZE#CAER S, Famidf 120 A
(4 H) LEbNTWD. EEEIZ BRGFT 2 23R MBI — B IZ#) 5000 [EI{APN 2z 75
BRLTWD. 2SN 20 B C—ERNEZIGEER L TV D EEIC/2 5. FRILERIEAD Clg
FAERD AL, LD KEINR, ERE2~5um OFEMIME 2 LT, SMiglcki sk
0, TNEHI AN TBALIRB LT AL E CHESEEMEEEH > TV D, R
MERDKE S1L6~8um Th 5728, BHIME 2 @iHT 51T, B HSFDE% 30%
BREEBSEILENRGH L. LEERN-T, RMERNVEREEE LS Z 1%, BB
BN TORMERDO BRI KT 22 2B L, F%%:®W®ﬁﬁﬁ’$ﬁb
Z DX D ITHRIMERN ZE DEFREZE Ko o Rf sl CTHEM A HERF LT 5 2 & BIRINEEC
5. RIMEREFRREEZMDERNDZ ZIZHDH. EFE, fm%@ﬁ”%ﬁﬁ®igﬁ#é
FIEND L9172 7=Di1X 2D KL 9 7Rz K B[24].

fm%wﬁ”%immwﬁék&@ HEI L TWD ., — RIS ORI ERIZZETERE D
K<, WZFRONWIRMERITEFEEN @Y. L2 - CHRIMER O AT RERFM & 7R M ER
@@éﬁﬁ&i&&k%%ﬂ%é 7272 LR MLER D ZETEREAZ I AR ML ER D WRARER 53 O K
PEOFBEL B9 570, FEREW T, ARIMEROZE I EEFTM L AR MER OMERR A >
B AT 5 2 & LEMEART LN TE D, WA B —F o 2T
[ZNR, H o=, BRENGRY, ZTRENEN, HE, MEEZ WS 2B
HRTHDH. TOERNDDND LI ITHEHEA B —F 0 RTREER 2B & £ 72130
BRSO R Y FHT 5 Z Lk TE Ry, fIxIE, MEBYOASTRERT, W
RHETHEMITEMEN ML, FOLEORNEFHLTTIELOTROOND. =2
2L, RMEROHEWA v B —F L A E2E 2 5856, —BRICEEITEHE T 2REIT/N
SN, NREZUR=EFBEST I THS.

WIS HRMERORE SFEMIEIC OV TE L TAHA LD, BHA8lIE~A 7 utE Xy h& A
WTHID Y o F R 2T 5 HIEZREL TV, it ~A 7Ly NOW5]
MZER S HIDREN D~ A 7 r Xy hOWNEZAEIC L THllao—# 2 %5 L,
ZDEEDONE, RIFES, ROWSIEROMEEDOBEED GMIAD Y 7 #4270 L

1



TW5. ZOFEFFEEAOICRMEKICHIGHTRETH D, F7EA S [0 Mk % 1
AR AN TEHESE 5 &, RIMERKIZEHRTEIC > TRAET 5 AMIS I X > T
MERIZ22 Y, ZORE - k) S S 2505 HFE4REL TS, —J7, #
R O & 239 290572y — & LT, REMDBEBEN S 5. BrEst o2 Nr
EBRLRICHER T 28l s AR TEDO Y > VR EFMT L5 LN TE D, &
ZL, ZhbDFETVTL A=y FMES, BHT 3OV TAais s
SIEREETH S, kL, FlZIEE 3um O~ A 7 B NICRIER 2 L & &,
ALK& SORMERTHNE, ZOLPNVIFE~A 7 afiBENE L FREBET 5.

DF D ARMEROME X I~ A 7 v KB EIC K > THEEIZFHh T2 2 & TE 5.
~A 7 afilEE ORI 2 FIEOR KO AITE WA L—T > NBFTE 58
T 5. Hirose H[13]1L Z D FiET—FRINC 400 fH DO AR IMER O S F-AMICAZZH LTV 5.
S B Tsai H[39], [4111F, ~A 7 vz FlIciE T2 2 Lok, #ifbsniz
~ A 7 o miE &R SN ARIMERE T ORI 0.9 L EO @ WFEEIA B 2
EERHLTWD. 2B, RO —BIZRRKKFEELFIER & ORI TH D,

RMEROHERHIIMELE B R OERELHFTHTo TN D D TH D Z &4 fHit L TE<.

—J7, ~A 7 aiigE A CRMEROME S 2507 52856, K& < o0 MmN
EZHND. —old~A 7 0 iR~ EDENZEE S 2, RN~ A 7 vt
Wi 20 (F72i3@EEEE) 28855 5ETHD. ZoFiEE~A 7 vl
BN OO ) 78 & 2 EREICHERF CE L, WESRMENRIESND. ZHuTxt L, T4,
AJ ba = AEAEBME LT~ A 7 a iR WG O S 2 A FERAYIC A 2, Rk A
REENAYICERD Z & I2 kT, RMERD R ZIRIA < TR E D & 25ERThi
%X 912757, Fukui[8]5=° Sakuma 5[32]i%, PZT Z# AT, #RIMEKZME 3um DIk
ZEFRIC L CHEEER S E 5 Z LIk T, RIMEKICA MLV A% 52, HEEIDHE
TRIOIEMEEENC X > THRMERAEER I Z KD A L AR EZ MR TII D THE
L TW%. Monzawa H[25]1%7 A MESCRE 5k & 7 7 F = = — Z EH O/FER AR
PRSI IICT DD IREEZ R IT >, EAR T Meb D X 5 I2id
J& L 72 On-Chip Actuation Transmitter 24245 L T\ 5. Sakuma H[31]i%, ~ A 7 v
DR FEREIE 2 EERAJIZH -, PDMS F v ZIZNTE L T 2 PED T B oo jsuszh R
ZAEZMHL, 0.24um O ERDEENEH TETNDH I LE2EX DTS, &
LN =T 7 A VRE TN X T ZIC b b 6T, 7 LV CITE &
MBS TN, FEEFER EMTET LV ORRICEVENAELT TS, &S
BILT 7 Fax—H4 OEB & EERBZE L TWDH DI TR, PCNTERINZIEX

WK LT DA B ZN LT 7 Faz—F~HIMLTWbH, o7 7
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JAH 1IkHz DBEIZ X 0, AEERFE L otz & EICEMRELEEENT 7 Fax—H
AN SN TWRNE WS EEE ATV, Flx1E, 100Hz OFEZITEERIIC 10 A
DENIMES THER S DA, 200HZ DIEFITHOT NS R TLMERS W=D, AT)
BB, TTCICEZEND TS, TOOIEMe R — R % BT
LG ERREETH -T2, DX I~ A 7 afigE Av - ESE~=t 2 L
— a3 VTIFBL T O X O IRAER S BB RO R N WS DO0vd 5.

1. EiEfk : PDMS ~ A 7 it OBN — 7 {miEREZ 3000Hz £ TRHAIL L9 & L
A, EOLIRAICHE L GHIV AT AR T IMNERH L0022 &
DIZED X D RN R LN D D2

2. EOMREEL  MIlROREE~ = a2l —a VIXRET D /A AOHFTEZET
MEXELZENTELDMN?

INHDRMIZHONWTELRT L Z LX, ~A 7 afitikz W -CHlilla o ) 585 % 50
5 ETCHERARTEHD. U ERAMMREEDDICEST-HERTHS.

1.2 PZTIZED L On-Chp FRIMFRVY =—F 2 L— 3 > [22]

11O REEE 2, ABFZETIX PDMS ~ 1 7 0 it OBV — T mEfthic >\ T
BIHILENBITILDD. ITLOIZ, A7 o iERAREKOEEDELEZE LT-E
FMH LT, AMAOGEEEEZER L WD, SN mEBEE, JER kR
KT, RIS A NI 0 IO —EEICNORT 2 L WO fERP GOz, 28]
LUTEEAREHTIE, PDMS v A 7 0 F v 7 OAREGHER DR 72 < 72 D & ) BLBREGE
UVRERIZ O3 5. EBRTIE, ZNETO L HIZ PCHTHERKRINTIEZ DA Eifias
ZI LT, PZT IZEIINT 2 D Tide <, MBI ERE HNTT I 7R 4 B
PZT ICANT2HREHM L TWD. 2k, FINEERED &< 7> THIEKK
ATTEIEDRHRFCE D LW IFLEBHRTE 5. —F, BA—7TEREITO &, £
FRY 7 MZE o TRMERARIFIMCHTLE ) E WO ERRET S, ZofEE
fRET D720, v—I—¢L L TvA 7t —X&EMH\, E—XIINET D EFEDIE
74 NH =TI bRE, FEUINERESR D 72 ER T2 HEEZBRA LTS, 208
F, 100Hz & THLAHEEIVUZIEIE 90 E, 71 H5PEIE-20dB/dec &\ o BB I 3FE 5y 5
ﬂ%%hé_&%£%%_%Eﬂ_bfwé.ﬁm%&%74wFﬂy&ﬂ@_‘i
5 EW B E R ESE 5 T E LT, PDMS v 7O %2 i, HREEE S B
FHZEREHETHDLZ LEZRBL TN,



13 AU OREBEREBEREFEETAICH T T [21], [42]

3000Hz L)L DIEFLEE A1 % PDMS ~ A 7 0 v FIZ AT LIzE1s, A IEE

X ED L DIZRDDIEA D)2 ZOHRFREERIZE X D72, ANHTBEKRZRD
FFT ZBRfE LT, 3000Hz &£ TU A o JERERE 2 i~ 725 5, 2000Hz, 3000Hz & 7=
TvA 7 E—XOR\EN UM L /NS0, T4 UVBRICEbE R AL O
D, REMIIE~ A 7 B REHAY AMOENZEN~ A 7 2 Fi b N3 B
% Hagen-Poiseuille JEIZHE L C, ~A 7 v B — XOHRIE A E W K F LR35
& D B R AR A fERE T 5 Z LIS LTV 5.

1.4 FHBENAT)Y FF7OFaT—32[19)[23]

RIMEROEER A > B —F v ZAOFHD LT, Npid~ A 7 v il o i@ R <
TS Z ENTE DN, F U8 —3HNTMREROREMZE A BIET 2 0ERD .
lto B[27]i1%, &2 3—DRBE S| HT72DIZ, FRIMEREZ AR T—ERFE 2 —F ¢
V7 LT BARZEERIM BR i L 72 BR O MR AR ORI ZEA L H SR & & U — % 3T
i 2 HEZRR L, RO A o —F o 2n8e —F ¢ v ZIEIC & » THE
THZLEREL WS, ZOERTIE, u—F 4 v ZHfZ &K 10 HREICHRE S
o572, U7 MEBHFET 2 P CREFH R MERN ERFENES AT DV AT A
OMEVERFRH SN TS, BENIZIE~A 7 2 il HA Y OB OEHZENERICE
227X, A 7 BN ORIITE Z 5720 E T ThDH. £ Z AN PDMS v A 7
BT IRT I Faxz—2EF v Tt T 5T 2 — 7 FEIINTET D HMEER D
7o, ENEFERIIRKBMLIEZE LTS, Fum /| BREDO~ A 7 a iR OFiLIX
RO D Z EPRHETH D, WITF D &, REHTROLKO D —F 4 7 %AT
STWAHHEY, fLE7 4 — Ry I 21T o Thigne, m—TF ¢ U T &R Lt
B EIETERY. M=ol —Ya rTESEEAZERL T, PZT AW
BND I EMNE. PZT IX 10kHz A —F DISEMEEZEH L TS 5T, A ha—7
X 40umE X bLDHT/hIV., 2Ok, RinEkz ERHae—7 4> 7 LT0HEX b
0—7 NEEFIRICEL, RMERZENLTCLEI> 2N LIELITEZ » T e, 22
T, PZT 12z, RV Z MRICKHLT H72DICA Fa—27 ODRENWRT A X & A
WENAT Y RT 7 Fax—FE2EBRLLTNWDS. ZOT 7 Fax—F AT AT,
FEHNITENEZBXT 7 F 2= —F D PDMS <A 7 0t i AV AR = DIkE %
LT PZT PHAAENT I/ > TS, LIeB-T, <A 7 o O,
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W77 Fax—FOHNNREELED TWRT /Faxz—F T AT MIRoTND.

7272L, RUZ MROEEII/NI WD, HARMIZIX PZT BET, ATFA XTI 7
MNEMEZ T ITEDLOND L OBERENEF EIND. ZONNA TV RT 7 Fax—H

VAT AERAWDZ LT, n—7 4 WA 30 pPL EERET D Z LB LTV D

15 B/ A ABREREHESHXMRY=_E1L— 32 (20]

~A 7 ufENOME~ =2 L —ya VB W CHIROEE S fENE ZFTL
FHZENTEDLDEAI N2 ~A 7 v RN TOMBITEARPIHREHA Y AfO
JENZIZL > THEISND2DIZARATH L. £H72LT5L, Bt haiE
JEN7 40— Ry 73, FERICITREE ol Fﬁ@%u%ﬁ@ﬂfﬁéiif%
L. LEZAN, ENECVTICNHET D /A XL ST, BELET 4 — KNy 7 #ilf
EITHZ LI L. 22T, MED AT Baw —OHEL, —2lEESEE, b
—DFATA X TEHNFMIIBHTEL LD ICHEL, MEOMIZ~YA 7 ajilkz
B b L, v 7 miiikt A AMOEZEIL, AT7A X O#EIZ L > THFRE T
5. ZOHADP VWb LENEHUMl =2l — a3 Thd. ZOTHAL
JENE R RETHL0 Y ) A4 ZOMENSITERICERENL DD,
TAZVWESIDOERD ) A XITHET 258030 5. ZORMBERET L7120, &
SEEOKMOATAXERMUT =T NVICREDLZEITED, AIER & BERED
WA XM E 5L T, ZBEREICLVEHED ) A ZAZ2BRETLHEWVWD T
LA L, 100mPa 2y fiReE GHIIE 184y DKEESY) ZFEBT 52 LIk LT 5D

1.6 HE[37]

~A 7 aFy T OMEIN AN DFFEICRIETREBICOWT _HEHAOHE I 267 5
PDMS ~ A 7 v ifitihF v 7 % ffi o TAHIMBZRHEIC O WD TEBRAIZHTH S, BWTF v
TR REAEENEL 2D I L EHERLTWD. IHICH 6 ECHBEINIZEDY
fREEMI~ =2 L—3 3 VU AT A& W TRIMERD ¥ o 7 RBHEE 21TV, BN
NS ASRATNOFAITINED Z LR LTS,

17 ZWHESR

ARHFIED R B LR MER DRk A o B — & 2 2% [N], [m], [sS]O &Il & TEHH

THZLETHD., ZOHBNERTEE, OIS OFFFEACR & [F L 4 THRER
5



PS5 ENTES., ZOX )RS TARMEDOZINEREET DD ELLTFD
ol s.

FRIMERIZ Fig. 1.1(a), (D)D X D72 3F% « Lo NX—ZHWTET MET D2 ENTE 5.
Z 2T, Fig. L1@IZHM A RET /LT, Fig. LIONE DD/ SREFEL —ODH L /8—
BHREESTZET N THD. A 7 w2 8iE S E 2546, MOV ARIIERIZE
NRTELPWIRIMERD A3 mimd TR 72 5. 2 OBfRIT Fig.l.2@)?D FRITRI
HEOICH S L E v OfICRWVIEOFBENGD D Z L E R LTS, 7L,
ZOHFETE [m]/[s] DRITE L ENIRWTo, ANROHMEIZ R 720 S [N]ORIT
DFAAIAD RN, 3 F, 4 FETCIX, S L midEE v OFICTRVIEDOHBINH S &9
PEZAHRIC LT, A 7 aifg o A IsZRe 20, RifEko@EEE Iz & o
LORMENRTEHNERLTWD, —F, ~A 7 nifigkEm e —7 ¢ V4%
Abd L, Figl2b)D X 52 4 BHET X TRFHMETE 5. 55 Tld 4 EHEE T /LRI
Hricmd, Rifnskow—7 ¢ o ZRf 2+ 0k 272D O R 2 MEL Lo &
LCTWa. 72720, RMEKROZERICEBRTLHRY, 213k, 2 AL LAY R X
Sky/ky, c1/kq, 2/ ki EDFHTE D H DD, NERE LS — 2RIV FI[N]DR
TLEAAAIAT Z L ITTE 220,

ZhUzxL, 6 FETiE 100mPa &\ 9 e 1 E S O KAEE RS Oy fRREE H T D7
D, B A B —F AT S & ZIZRDERWIIINIOR L Z AR T Z & 23 F]
HERIZ72D. 6 BT LIV AT A& Mo TRIMERD Y > VE[PalOA—F N AFED 5
TENRTEDLZEHERL, HR Y AT A THRIMERGEGIZ KT Z /A A Te &0 5 B
RN B AV B 2 EIZH I LTV A,



(a) Smgle spring model (b) Four elements model

Figure 1.1. The model of red blood cell.

100[mPd] |

k?. 1 2
el 212

(a) Single spring model (b) Multiple spring and damper model (c) Single spring model
without dimension without dimension with dimension

Figure 1.2. The evaluation on mechanical impedance of RBC. (a) Single spring without dimension.

(b) Multiple springs and dampers without dimension. (c) Single spring with dimension.

18 FHX DK

#1ETIHER, SEOBMEZI LY, MBI TELLTND. H 2 T
KAFZEA B L, 3 B TIL PZT (CHEMLL 72 On-Chip RfLEk~ = E' = L —3 3 128
T D AHIMBEEFEIC OV TERBRIICE R Z1To TV 5. i 4 BT, ANARRE
3000Hz (2% T LIF7BED A AT A U FHEIZ SOV TERIICTIR TS, & 5 E T,
RNk —7 ¢ 725 L, N7 MimMENOREEHNT 7 Fax—4

& RINERMRAERER PZT 2B G DRI TE NS TV v RT7 7 Faxz— S 2REL,
7



ZOFRFFAET NERT L EBICHENMEELERICKRIEL TWD. 5§ 6 ETIX
100mPa Sy fRREIE Dl 2 B e L, FNAE /A ABREBRIE S EdhAlfi~ =t a2 L —
2 VORERB L OERMBRFEICOWTRBL TS, F 7 ETCEYY avFa—Tk
KL, vA7uaF v TOMINABTFEICKIETRESONTERL TS, f 8=
TARBIEAMRFEL T 5.



2 EEHR

21 EEELMEE

AR ERASTEREFHINC B4~ 2 P58 13k & < IEHEL[B), [4], [7], [9], [11], [43], [46] & [HiHEik
ICRBITE D, BEEEL I B & T e —T 2 RMERICEBEM LY T, oL X
DEREEY a R —F— P ETHM L, JIIETRRED &S 0K 2 5 Am 3
HHETH S, R EDBEMEE AWl SFHIEZO—fFlTth L. w1 /ey
MRS O S E7REN D~ A 7 m By NORNEEZAEIC L Tlliao—3%2 K%
5L, Z0LExONE, BIRRE S, RKOWSEBOM=ROEGNbMia0 Y o 7R 4%
R 5 7R B IENNERHEZ VTS &0 ) BRCHEBHEICOE T Z N TE
KO, MR LIS 2 DN EHETRENE L VO HRIHERTE 208, —RICAL—T
v MRV, ME—DfISE LT, v A 7 mimiENIc e o2 fAAL T, Midg b
Ty ULIRBBEThHZEIINL, B SFHIZIT 726l 208, Yo 7345 kPa 47— 4
OARMERIZRF U TR S AV AFgEI3m i Levy, —J7, BRI, DEEHEHIIT 5
DTIER L, ARIMBERIZ [F— T2 R T THREIEN A2 52, DL EDEFD
ﬁ%%WM%ﬁw#é &@@é%ﬁ@%ﬂﬁ#éﬁ&f&é.%xi,v%&um
ERNICZEN LV ERPRKEVIRMEKEZ @S5 &, ZOEBES W LIRMERDEE S
’ELTWE&®ﬁAMWﬁ@%mL i RS ~ A 7w i N oD i IRe ] 23 2844
%, OFVFRMEROM S TEERFORIEIZ 2 5. Figs. 2.1, 22 1ZF N FN~A 7 1k
%W%@ﬁ#éf@%@ﬁ%%rbtﬁ Gt EEL, M ORMLERN & & B & O RBR &R
L7=MTh 5[39], [40]. BI2IE, [A—ER O —kE 2 G T 2 RMEEKThHIVE, i@
WS RV, <, W*iﬁwk 2%, ﬁ@&fi@é%ﬁé@@ﬁﬁi
LZliFTERWiKmE, NECPARE, EEFHA R L W R E A L TN D
AL, @AL—T"y NPHIFRFTE b~ A 7 v it 2 F 7= B FmE IS Y A Te.

22 SEIAR

—F/ARYE 27— HEE, Figs. 2.1, 22D X H i~ A 7 n BN A Y DI —EDE
NEEG 2, ROEROBERRE AT T4 00 A T7ETEHAIT 25 ETHS. FEhrE
EOMRN L LT, BAaNICERREKTHAR LMK Z A, ~A 7 aF v FITxt
L CHBIC A28 2 B A HCH L CRVEE CTEE L, ~A 7 aifigNZEEE —

WL TR ZAT 9 LW o FEETH D, Ohba H[36]IE, ~ A 7 mifil&i bR S TR
9



MERDOEIERERIC L VA S 25 LTV D, — RIS O RIMERIE &[R4 B E 208/
&< 72%. F7=, Huang 5[34], Hirose 5[13], Kim 5[16] b [AkE/r 2> & 7 MMZHSW\ T
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Figure 2.1. An example of cell behavior in microfluidic channel [39], [40],[41]
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Figure 2.2. There are two cases where the passing time is same but

the mechanical impedances are different (K, > K;,C, < Cp )
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3ETITFig. 3.1(a) DL 9T, ARIMERAZRICZ Y LI M ARET MCE S H A T
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100[mPa]

k2 1 2
el 2512

(a) Single spring model (b) Multiple spring and damper model (c) Single spring model
without dimension without dimension with dimension

Figure 3.1. The evaluation on mechanical impedance of RBC. This chapter focuses on single spring

model without dimension as shown in (a).
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Figure 3.2. An illustrative diagram demonstrates how cell manipulation is

W

controlled by a macro actuator outside the microfluidic chip.
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Figure 3.3. The proposed mechanical model for describing the relation
between the movement between a macro actuator (x;) and a micro object

(x,). The model describes the dashed box area shown in Fig 3.2.
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pA. = M X, + cx. + kx, (3.2)
pAZ = m.jéz + C2X2 + k2x2 (3.3)
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XEYITT Y VPR N CEMITHT DA 7 2 RN RSN OBMR & &R
BThd., —FH, YIVUERNAAEMORDYITES p # AT EHRRTHEITI,
R IAGBI) N OB HICEN T A2 LN TE 5. 2L, ZoHAICE~vA 7
Fy TRNOENZMDLERHY, THEZEHEHNTLZ LEFEbo T oL
D, BUERRIFE TR .

33 SREREE

Fig 3.4()IXFE BRI AT LD TH 5. BIERAEMN O DIE S ZEHE PZT =2 hr—

WCANT DT LITL-T PZT BEREI SN D T2, TERTAD K 512 PC THEIEAERK
T % AU A_E R B BRI 2 AR T D 2 LN TE 5. BB RAERND
Hzod A7ty MEs L RRREEFIZZENZNIVET04V L5 T D, 0.4V

Function ]
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g N ]
Piezo Controller $
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Figure 3.4. An overview of the experimental system [22]. (a) A diagram of the system setup.
The motion of the PZT actuator is controlled by a sinusoidal wave generated from a function
generator while the motion of microbeads is recorded by a high-speed camera. The two

motions are synchronized on the computer for analysis. (b) A photo of the actual system setup.
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Figure 3.5. The experimental results. (a) A combination of multiple snapshots showing a

microbead moving in a sinusoidal function at 10 Hz. (b)-(k) Examples of input-output
relations at the frequencies of 2 Hz, 5 Hz, 10 Hz, 20 Hz, 50 Hz, 100 Hz, 120 Hz, 150 Hz,
200 Hz and 300 Hz, respectively. For the convenience of reading, the time range is 0 ms to
500 ms in (b)-(e) and 0 ms to 50 ms in (f)-(k).
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Hjjﬂéﬁwf'ﬁ IR E R T H Z N TE S, BIxIE, Fig 35(C)DHA, A
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Figure 3.6. The signal distortion due to the limit of temporal resolution in C program. ()
An example of distorted signal at 300 Hz where the input signal is generated at the rate of
100k Hz while the sampling rate on the computer is only 1k Hz. (b) The comparison of
the sinusoidal amplitudes on the PZT actuator and on the computer. The computer side
remains only 85.6% at 300 Hz.
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_____________________

LED Brightness

Figure 3.7. The measurement of time delay on the computer. (a) The diagram of the setting.
(b) The signal sent to the LED at 0 ms while the high-speed camera captured the LED

response at 2 ms. (c) The plot of the input and output in time delay test. The delay is 2 ms.
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Figure 3.8. The bode plots from experimental results. The upper and lower plots are the
gain and phase response, respectively. The delay of 2 ms in the recording system is

essential for the phase. Both before and after the compensation plots are shown.
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Figure 4.1. The evaluation on mechanical impedance of RBC. This chapter focuses on single spring

model without dimension as shown in (a).
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Figure 4.2. The experimental setup. (a) A diagram illustrates the
construction of the system. (b) A photo of the system [14], [21], [42].
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Figure 4.3. Examples of measured input signals for PZT actuators. Three different
amplitudes of sinusoidal were employed to incorporate with gain changes in a
wide span of frequencies. The peak-to-peak amplitude and frequency range are
(@) 4 V for the frequencies below 100 Hz. (b) 8 V for the frequencies between 100
Hz and 500 Hz. (c) 10 V for the frequencies over 1000 Hz.
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Figure 4.4. Snapshots of microbeads motion inside the channel. (a) Sinusoidal input with 10
V peak-to-peak voltage at 100 Hz. (b) Sinusoidal input with10 V peak-to-peak voltage at
1000 Hz.
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Figure 4.5. The motion of microbeads tracked by image-processing. One pixel distance is
equivalent to 240nm in real world. The plots are the trajectories of single microbeads with
the input parameters in Fig. 4.3 of (a) f =10Hz,V =4V (b) f = 100Hz,V = 4V, (c) f =
1000Hz,V = 10V, and (d) f = 3000Hz,V = 10V.
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Figure 4.6. The gain characteristics of the manipulation under different input frequencies [42].
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Figure 5.1. The evaluation on mechanical impedance of RBC. This chapter focuses on multiple

springs and dampers without dimension as shown in (b).
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Figure 5.2. An overview of the proposed actuation system. (a) The system is targeted
on manipulating a cell inside a microfluidic channel. (b) Conventional cell
manipulation is performed with a single PZT-actuated syringe pump. (c) The
proposed hybrid actuation system includes both a PZT-actuated syringe and a gravity-
based slider for long-term manipulation [23], [19].
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Figure 5.3. The limitation of single PZT actuation system. (a) In short
time period, a cell can be effectively manipulated due to fast response of
PZT actuator. (b) In long time period, PZT went beyond the
manipulation region due to limited stroke length.
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Figure 5.4. The control scheme and the comparison with conventional method.
(a) In conventional single actuator method, the PZT voltage may saturate after
certain amount of time maintaining cell position. (b) In the propose hybrid
system, the gravity-based pump balances pressure when PZT voltage hits the

thresholds.
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Figure 5.5. A photo of the experimental system. A PZT actuator and
a linear slider are connected by a 3-way connector for the proposed
hybrid system.
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Figure 5.6. The design of the used microfluidic channel. (a) The
dimensions of the channel. (b) a photo of the channel during experiments.
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(a) Single PZT Actuator (b) Hybrid Actuator

Figure 5.7. The cell images captured from the recorded videos in experimes. (a)
Cell position at different times with conventional single PZT actuator. (b) Cell
position at different times with the proposed hybrid actuator system.
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Figure 5.8. The tracked cell positions and given PZT voltage corresponding to Fig. 5.7 (a) and (b).
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Figure 5.9. The coupled relation between two actuations in the hybrid system. When
PZT pushes the fluid, two flows are generated to both the microfluidic channel and to
the gravity-based pump on the slider. An analogy to electical circuit is shown[23].
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Figure. 5.10. The open-loop step response for the hybrid system with
different connecting tubes. The diameters of the tubes are 1 mm and 4 mm
which result in different flow reisistances as in the circuit shown in Fig. 5.9.
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(a) Single spring model (b) Multiple spring and damper model (c) Single spring model
without dimension without dimension with dimension

Figure 6.1. The evaluation on mechanical impedance of RBC. This chapter focuses on single spring

model with force dimension such as [Pa], as shown in (c).
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Figure 6.2. The conventional pressure system and proposed system. (a) Feedback
controlled pressure system. (b) The control resolution is limited by sensor resolution. The
blue signal is an example of measured pressure by a commercial pressure sensor. (C)
Conventional gravity-driven pressure system. (d) The proposed system with in-phase

noise cancellation.
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(a) System diagram (b) A photo of the system

Figure 6.3. The overview of the experimental system [20]. (a) Microfluidic flow is monitored
through a camera while the slider is controlled by the signals from the computer. (b) A photo of the

whole setup.

47



TREMICHAT 5. EBRGIEICOW TR L o5, JEREEERTFER 0 S RN 2
A RAREA TN =X LEADEINTDONT, EBRFERICESWCHIAT L. EHITn#
fE 100mPa THRIMERATN TV AT EF v R 2k G EIC L - ORT. H&&IZ, RIES
N2V AT L& AWT, RIMEROTAET @R 2T o 2RI OV THE A LT
5.

6.2 HEEMR

CZTIEHBICENEFA LR~ a2 L —va VICESE D TT, 1R E
YA LTHTE. A 7 BN ORIVUT—RIZERIZR 5. 2 D54, Hagen-
Poiseuille 2354 L T\ 5 K 912, FEHWRIEITE N ZITHBIT 2 & 5 BIHR 7B Em 2 &
L. DFV~A 7 vafiENOFEIL~ A 7 aifmENHEA Y DB OEEICE - TREe
ICHET D ENTES. ZOHRIIENEC Y EHE L2 TH, WKREROE S
BEEZDHIETT, A7 2 mBENOMEEZSICHETE 52 L 2REBLTNS. O
DX RBEFEND, BHEFA LA 7 eiBENOME~= 2L —Y a3 L OWf%E
IR\, B 2 0E Zhang B [AT)IXEEE T — 7V BICE N IRIK B &S 7D O E ST
TP HliE~=tal—a 3 2MEERY #->T\5. Kang H[16]1, 7—L4
MEE L7 & & OBERNE\EFIE L CHUNDIRZ 85 F2Br 217> T\d. Yamada b
[44]1%, —ERSICHBEBINTRERGEZHEL, EHEMH o TRIEZRT Z L2k
ST, ZOHIZHFELTWIMEEZ D T b T DV AT AEREL TS, ZDX)
[ZHE ) %A > T~ A 7 RN ORIIE 2 BB 2 A 78131 b & 5 [26], [45]. AHF5E
Th~A 7 0ifBHNOM~=t a2l —2a ACEAZHNTVWAZ L2 LTE
ERAN

63 [FEHH/ A XREREHNEHEEHFEHRTL

Figs. 6.3 (@), (D)IXTZNZENIRE T H L AT LAOMFIE L BEEHEZ R LTS, A 7 aii
A OFEALIL Fig. 6.3@)ITR S D AR EZR DO EREIC L > TEGN D E 2T
FoThlERIEND. ZOENZEF Pascal DIRTTTERTH E, K(BLHDL I IT7A
5.

AP = pgAH (6.1)

722U, AP, p,g K OHIL, ZNENEE, WRERE, BT/MEE, KOWRERE
BNEEDOESDETHD. AFETHN TV DIRERSRB LU~ A 7 o iig o
48



__lap=pP-P | _ lAap=pP-P, |
Pl% Py N7 _\Z \V ARV

(a) WITHOUT In-Phase Mechanism (b) WITH In-Phase Mechanism

Figure 6.4. The idea of in-phase noise cancellation. (a) without in-phase noise cancellation. (b) with

in-phase noise cancellation.

T ZENF12.83 x 107um? K 113.00 X 10 um?IZ& SN T WD 72, OB o
EVMNT106 DA — X5 TWnD. 2078, WERRE O ZZAH X~ A 7 v il
WNIGEICHURICE B EZ 52500, ~A 7 aiilENORND, WHZEAHICE 2L 5.
D2 EF RN EB I TLY. FlZIE, WE600um3/siE~ A 7 v it N O/ IZK
20um/sDEE A AE Y 3R EICVCEcT 5 — 5T, WEZEAHIZX L CTiX0.02nm/sD A
B — N2 &L Z &2, Fig. 6.30)IC/RSIVD v AT AR BIX, ~A 7 vk
Wik L7= PDMS F v~ 7, BA#EE(XT71, Olympus Co.), _fHDIEEAER, KNAT A X
(RSH205, Misumi Co)lZ & » THEE STV 5. 2T A X D@4 fiFAEIL 10 pm T,
Z #UiX 100 mPa (assuming p = 103 [Kg m™3],g = 10 [m s™2],AH = 10~ [m])IZVCik 9~ %.
AT A B OE/NIRRETHRIMERDEREY S D Z &3, RiffEORbL N THDL. w17
EHEOHAY MZZN TR ERERICY ) a2 Fa—T %20 LTHERS LTV .
WRFEZEAHVE, ~A 7 2B A DN B SN TIRIER SR E ATA X TETE®EHZ L
Lo TEYHESND. ATAXKRIKIL, TAITLEHTHALTOLNTEY, K
ARENZHE L 9 Z N TE L. v arvFa—TORS, MM, KON, £
LA 300mm, 6mm M4 mm TH 5. S HIZ ZODEREEZRILF L L6 LICRE S

49



TWb. Lo T, AT A FEREIFIC A 2 50 SRR B 1 W i A S 28 (2[RI AR
TIREIND. THMBEHE A XABREA D =X LDFEEIZR 2TV,

Figs. 6.4(a), (D)ILENENIFME / A XERERED 72 WNIG6E & & D56 O G 2 BARH)
R LK TH D, W& OEWL, WERHEREE SN TND EERRR > TWD,
ZTNEHILBEIT/R S TWDENTEIT THD. Fig. 6.4Q@QD%HE, TNENLOREITELRD
AT IV ZAHTHHEECEHESNHTHNADICH L, Fig. 6.40)DE4, MEts b
FMUAA T IV AERTLHEE ECEEESNL TS, SHICEEMIZE 9 &, Fig.
6.4Q)DLHE, TNENDORIRINANRERE X — (k,¢) DEEEZEZ (K, ¢) DtEH
FliZ#->TWoHDIzxt L, Fig 6.4b)D%E, WA s b ARERE X 3— (k ¢) D
+HICH S TWD. D=0, Fig. 6.4b) DA, HHEICADIE—OESFICK LTI,
WA 22 2 0 BERBERE L, ~ A 7 mIRBENIRIKICE B A 52 e\, 22T, ~A4 7
2D ODEIIP, & Pa i~ Tl L CTAH L 5. Fig. 6.40)D X 9 IZHIARL )
Ble DLEEICH > TWDHHA, TRENOLEDOEARBEOEVICL > T, HEE
FOBEBNIRR D . RROICKBFABEO R B EORFFINZITmE TRV, +
BOXAFTI T ADENNEDEEESZEAPIIKMEI NS, —F, Fig. 6.40)D X iz
WRIRERBFE U EBICH > TV E5E, LAEOBEAEBHNBFE CIZR 5700, HIRE
PROTEENIFRFIC 2D, FERMIC EEICO D R OEBIREN R E D K3 RESNIRIED
FKENLE QR RIZELIZEFE TR CIZR Y, JESZEAPIC KBRS u7ev. BLEDRS, [FIfE
A RXBREDOFETHD. ZORE A ABRER, RiKk~=t = L — 3 U ofifhe
100mPa # FEH T2 ETREREMT/R D Z LRI L TR E 720,

6.4 SRER

Fig. 6.3(b)IZ/~ 9 SEBREE[E 24 > TRHM IR AT 5 . BANTFFH 2 A RERER R 4 fe
RT D120, ~4 7 —X% b L—%—RbVICHWTEREZITS . RICHKRIMEKZ
AWT, FENZELHE L OBRIZOWTIHAND, ZRBRMERIRUEE 121X FR1IC IR B
FIZ DV TREA TV X EBRIZH 1 L T 720w TWn b, it v 7 Vi Z BB AR
30 ANCFEBREITEOREND. S HITEONA V72 MK IT AP A K(NaCl = 0.9%)
T 100:1 IZAR SN THHFHMEERICEEDNA TS, BB (AP =0 7>24H = 0)I%
~A 7 aREANO R L—P— RMEEII~A 708 —X) OFEREa IR

50



BE SR CEREIND. D%k, L —V—0EIE, SELIATITL-o TReEIN,
Image-Processing Toolbox in Matlab % fifi > CTH#tT+ 5.

T=0ms ) ] ] K
T T .
T=4ms _ # | 0
Eren o !

v

[T-8ms @ | | |

(a) WITHOUT In-Phase Mechanism (b) WITH In-Phase Mechanism
3 T -

——  Without In-Phase
2 — With In-Phase
R
S
g 0
=
3
-1
2
% 50 100 150 200
Time (ms)
(c) Micro Beads Motion

Figure 6.5. The motion of a microbead. (a) A microbead motion in the system without in-phase noise

cancellation. (b) A microbead motion in the system with in-phase noise cancellation. (c) The tracked
microbeads positions with respect to time.
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Figure 6.6. The frequency spectrum without and with in-phase noise cancellation.
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Figure 6.7. The frequency spectrum without and with slider motor power turning on.
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Figure 6.8. Series of photos of cell position with respect to time under various AH
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Figure 6.9. RBC velocity analysis. (a) The tracked cell position with respect to time

under different AH. (b) RBC velocity distribution based on tracked results.
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Figure 6.10. The comparison between theoretical and experimental results.
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(a) Example of RBCs under small pressures (b) Insertion length versus time with pressure increments

Figure 6.11. Applications on precise cell evaluation by pressure increments. (a) Two
examples of RBC deformation under different amount of applied pressures. (b) Tracked

insertion length.
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Figure 7.1. An overview of experimental system with double visions [37].
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Figure 7.2. Gain characteristics with respect to frequencies. (blue line : default version,

green line : option 1)
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Figure 7.3. Gain characteristics with respect to frequencies. (blue line : default version, red

line : option 2)
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